The Translin-associated factor X/Disrupted in Schizophrenia 1 (TRAX/DISC) region was first implicated as a susceptibility locus for schizophrenia by analysis of a large Scottish family in which a t(1;11) translocation cosegregates with schizophrenia, bipolar disorder and recurrent major depression. We now report evidence for association between bipolar disorder and schizophrenia and this locus in the general Scottish population. A systematic study of linkage disequilibrium in a representative sample of the Scottish population was undertaken across the 510 kb of TRAX and DISC1. SNPs representing each haplotype block were selected for case-control association studies of both schizophrenia and bipolar disorder. Significant association with bipolar disorder in women P ¼ 0.00026 (P ¼ 0.0016 in men and women combined) was detected in a region of DISC1. This same region also showed nominally significant association with schizophrenia in both men and women combined, P ¼ 0.0056. Two further regions, one in TRAX and the second in DISC1, showed weaker evidence for sexspecific associations of individual haplotypes with bipolar disorder in men and women respectively, Po0.01. Only the association between bipolar women and DISC1 remained significant after correction for multiple testing. This result provides further supporting evidence for DISC1 as a susceptibility factor for both bipolar disorder and schizophrenia, consistent with the diagnoses in the original Scottish translocation family. Molecular Psychiatry (2005) 10, 657-668.
Schizophrenia (SCZ) and bipolar disorder (BP) are common mental illnesses each of which affects approximately 1% of the population. Family, twin and adoption studies have shown a strong genetic component to both diseases. 1, 2 The Disrupted in Schizophrenia 1 locus (DISC1) was first identified from a large Scottish family in which a balanced translocation t(1,11) (q42.2,q14.3) segregates with major mental illness with a LOD of 7.1 for diagnoses including SCZ, BP and recurrent major depression, and with a LOD of 3.6 for SCZ alone. [3] [4] [5] [6] The chromosome 1 translocation breakpoint falls within intron 8 of DISC1 and within the single exon of DISC2, a putative noncoding gene antisense to DISC1. 4 A third gene, Translin-associated factor X (TRAX), has been shown to undergo intergenic splicing with DISC1 and thus may also be affected by the translocation. 7 Independent evidence for involvement of the TRAX/DISC region in SCZ has come from the studies of the Finnish population. Evidence for linkage has been detected between a marker, D1S2709, in intron 9 of DISC1 and SCZ with a maximum LOD of 3.21. 8 Additional studies of the Finnish population by Hennah et al 9 identified a number of haplotypes (denoted HEP1-4) that for a broad diagnosis of illness (SCZ, schizoaffective disorder and affective disorder) show transmission distortion not only in DISC1/2 but also for a haplotype in TRAX. Only a two-SNP haplotype (HEP3), spanning intron 1 to exon 2 of DISC1, was deemed to be significant following more stringent statistical testing. This haplotype showed sex-specific undertransmission to women and was significantly associated with the Operational Criteria Checklist for Psychotic Illness (OPCRIT) factors: delusions, hallucinations and negative component traits, rather than manic or depressive symptoms. The original evidence for linkage in the Finnish population has recently been replicated in an independent sample from the same population (LOD ¼ 2.7). 10 A three-SNP haplotype of the most strongly linked markers also showed evidence for association (individual haplotype P ¼ 0.0009), this haplotype being the same as the overtransmitted haplotype seen in HEP1. 9, 10 Weaker evidence of the involvement of the TRAX/DISC region has come from other populations both with SCZ [11] [12] [13] and BP, 12, [14] [15] [16] and most recently schizoaffective disorder. 12 Functional studies of DISC1 have been hampered by the lack of similarity to other protein or protein domains. Recent expression analysis in rodent and primate brain shows relatively high levels of expression in the limbic regions of these species. 17, 18 Investigation of the subcellular localization of endogenous DISC1 indicates that the protein is strongly associated with the mitochondrial compartment, but is also present elsewhere including in the cytosol in association with the cytoskeleton, and in the nucleus. [19] [20] [21] A number of yeast two-hybrid studies have identified potential DISC1 interacting proteins, the best studied of which are FEZ1, 20, 22 a protein involved in axon guidance, cell adhesion and neurogenesis, and Nudel, 19, [23] [24] [25] a protein involved in neuronal migration. The proteins identified in yeast two-hybrid screens suggest that DISC1 acts as a 'scaffold' protein and may be involved in multiple neuronal processes such as neuronal migration, signal transduction, modulation of the actin cytoskeleton and neurite outgrowth (reviewed by Millar et al 26 ). Investigation of the interaction with Nudel suggests that in some cases, these interactions are developmentally regulated and critical to early brain development. 25 The third gene of interest in this region is TRAX (also known as TSNAX). TRAX forms protein complexes with Translin, which can bind to the 3 0 UTRs of certain mRNAs to suppress their translation. 7, 27, 28 TB-RBP, the mouse homologue of Translin has been shown to translocate to neuronal dendrites in response to neuronal activity. 29 Translin post-transcriptionally stabilizes TRAX. 30 Mice null for Translin (and therefore also effectively null for TRAX) show altered gene expression in the brain, including transcriptional downregulation of genes including those coding for neurotransmitter receptors and ion channels. 31 The alterations are likely to be regulated indirectly as the Translin/TRAX complex does not bind these proteins.
Previous association studies for the DISC region using Scottish patients and controls found no association with psychiatric disorders. 32, 33 However, only two micosatellite loci and five SNPs were genotyped across the 415 kb gene. Due to the increasing interest in TRAX/DISC as a replicated susceptibility locus with a plausible biological function, we have undertaken a comprehensive study of the region to determine the underlying genomic structure and to test for association between SNPs and major mental illness in the Scottish population from which the original t(1:11) family was identified. We have followed a three-step strategy. We first constructed a linkage disequilibrium (LD) map of the region and used this to select a set of markers that were informative in the Scottish population. Second, using this set of markers, we performed case-control association studies of both SCZ and BP. Third, we attempted to replicate the findings in the Finnish population 9,10 and of Harrison and Weinberger. 13 We have detected three regions in TRAX/DISC with evidence of association with BP or SCZ, and discuss these results in the context of other studies.
Materials and methods
The study was approved by the Scottish Multicentre Research Ethics Committee. All patients and controls gave full informed consent.
Clinical assessment of patients
Subjects were in-patients or outpatients of hospitals in southeast or south central Scotland. Subjects were interviewed by an experienced psychiatrist and a venous blood sample was given for DNA extraction. Whenever possible, participation was also sought from first-degree relatives and blood samples were taken. Diagnoses were made according to DSM-IV criteria 34 based on case note review and personal interview using The Schedule for Affective Disorders and Schizophrenia-lifetime version (SADS-L). 35 Final diagnoses were reached by consensus between two experienced psychiatrists (DB and WM).
Control subjects were drawn from the same population in southeast and south central Scotland, and recruited from donors for the Scottish National Blood Transfusion service (395). Although the blood donors were not screened by interview for personal or family history of psychiatric illness, this group was selected to the extent that donors are only accepted if they are not currently on medication and have no chronic illness. The remaining controls (83) were recruited from the local population or from hospital staff, and were briefly screened by interview to exclude anyone currently on medication or with a history of treatment for psychiatric illness.
Genomic DNA was extracted from venous blood samples using standard protocols.
Genotyping
For LD analysis, SNPs were genotyped using either the TaqMan ABI Assays-on-Demandt or Assaysby-Designt systems on an ABI PRISM s 7900HT Sequence Detection System, or by DNA sequencing using the ABI prism BigDye Terminator Cycle Sequencing Ready Reaction Kit or using ABI PRISM s SNaPshot TM system.
Samples for the association study were genotyped on an ABI PRISM s 7900HT Sequence Detection System using TaqMan technology, converting where necessary SNaPshot assays to the alternate system.
TaqMan genotyping was performed at the Welcome Trust Clinical Research Facility, Genetics Core (http:// www.wtcrf.ed.ac.uk/genetics/index.htm).
SNP selection
Our aim was to undertake a comprehensive association study of the TRAX/DISC region in the Scottish population. An LD map of the 510 kb region (chromosome 1:228,699,208-229,209,780, UCSC genome browser July 2003 36 ) was constructed using SNPs selected both from public databases 36, 37 and those discovered in-house. 33 Our SNP evaluation and selection procedure was an iterative process, partly reflecting cost-effective strategies and partly reflecting the increased availability of publicly available SNPs and genotype information as the project progressed. Initially, 27 biallelic markers were genotyped on 29 BP parent-offspring trios (26 SNPs and an insertion deletion polymorphism). LD between the markers was assessed and an additional nine SNPs were selected in regions of low LD (primarily intron 9 of DISC1) for genotyping on the 29 BP trios. A total of 21 SNPs were selected to progress to association studies using the following criteria: (i) one or two SNPs selected to represent each high |D 0 | LD blocks (|D 0 |40.8), (ii) preference for SNPs with high minor allele frequency 40.2, (iii) when a choice of SNPs remained within a block, then any SNP showing different values of D 0 with adjacent markers between case and control chromosomes was preferentially selected and (iv) all known nonsynonymous SNPs, which were polymorphic in our population (rs3738401, rs6675281 and rs821616), as well as a synonymous SNP in exon 6 (rs2492367) were selected.
Recently, associations from markers in the TRAX/ DISC region have been published. 9, 10, 13 We wished to test the ability of these same markers to detect association in the Scottish population. A total of 13 SNPs were selected from the associated haplotypes HEP1-4 defined by Hennah et al, 9 Ekelund et al 10 (the same as HEP1) and Harrison and Weinberger. 13 Of the SNPs needed for testing reported associations, one SNP (rs1615344 from HEP2) failed assay design and two had already been genotyped on the 29 BP trios (rs751229 and rs821597), but had not been selected, and three had already been selected (rs3738401, rs6675281 and rs821616).
In total, 45 SNPs were genotyped on the 29 BP trios and 30 SNPs were genotyped on the association study samples. The full list of SNPs genotyped and the criteria under which each was selected are presented in Table 1 .
Subsequent to SNP selection, we used the method proposed by Clayton 38 as implemented in the TagIT software 39 to investigate the proportion of the gross haplotype diversity described by all 45 SNPs genotyped on our 29 trios that was captured by the 30 SNPs genotyped in the association study (using TagIT criterion 5). Although a single optimum set of SNPs exists, which maximizes proportion of diversity explained (PDE), many sets of SNPs exist for which the PDE is close to the maximum, 40 thus providing ample leeway to impose the other criteria we included in our SNP selection strategy. It was not possible to investigate PDE for the full set of 45 SNPs.
Instead, PDE was investigated, firstly, in two groups of SNPs 1-23 and 24-45 and secondly, in windows of four consecutive selected SNPs as our association analysis considered haplotypes of up to four SNPs.
LD analysis
The release of the International HapMap Project data 41 in August 2004 allowed us to compare our LD map to that generated from the 30 trios from 20 CEPH families used in the HapMap project (Utah residents with ancestry from northern and western Europe). Genotypes were available on 73 SNPs for the same region as our study, after excluding nonpolymorphic and duplicated markers. Haploview v2.05 42 was used to compare LD maps generated from our 29 BP trios (45 SNPs), the 30 HapMap trios (73 SNPs) and our 481 association study control samples (30 SNPs). In Haploview, haplotype blocks were defined using the following criteria: solid spine of |D 0 | LD, where the spine was extended if |D 0 |40.8; blocks were also joined if the multiallelic |D 0 | value between blocks 40.9 when haplotypes with frequency 41% are examined. Comparison of LD maps generated from our 29 BP trios and the 30 HapMap trios led us to genotype 11 SNPs used in the HapMap project on our 29 BP trios to refine two of the regions of interest suggested by our association study. In total, 56 SNPs were genotyped on our set of 29 BP trios, allowing us to compare LD maps of the region across two populations of European ancestry.
Association study A total of 30 SNPs were genotyped on 478 control (248 men, 230 women), 394 SCZ (282 men, 112 women) and 381 BP (334 BPI: 149 men, 185 women; 47 BPII: 14 men, 33 women) subjects. Sexes were analysed both separately and in combination. Frequencies of genotypes were tested for Hardy-Weinberg equilibrium. The program UNPHASED 43 was used to analyse the association of disease status with sliding windows of one-, two-, three-and four-SNP haplotypes. Windows of up to four SNPs were considered, as a maximum of four SNPs were needed to represent each LD block (see Figure 1c ). Maximum likelihood haplotype frequencies were estimated with the EM algorithm and haplotypes with frequencies of less than 1% in both case and control groups were combined into a single rare haplotype class. UNPHASED uses unconditional logistic regression to perform likelihood ratio tests under a log-linear model of the probability that an allele or haplotype belongs to the case rather than control group. The global null hypothesis is that the odds ratios of all haplotypes are equal between cases and controls. When the significance of the global test exceeded a nominal level, Po0.05, individual haplotypes were tested for association by grouping the frequencies of all other haplotypes together. Individual haplotype tests were also undertaken for SNPs reported to be associated in other studies. Results are discussed for all cases in which the global association reaches a nominal level of Po0.05 or an individual haplotype association of Po0.01.
In the presentation of the association study results, a 1-30 SNP number is used (see Table 1 ). In presentation of haplotypes, the allele is underlined if the SNP is exonic. Of the 30 SNPs genotyped in the association control samples, genotype frequencies of three SNPs (1-3) deviated from the frequencies expected under Hardy-Weinberg equilibrium (minimum P ¼ 0.0043; Table 2 ), each showing an increased frequency of heterozygotes. The three are adjacent SNPs in TRAX and are in high LD (r 2 40.97) and so their genotype frequencies are expected to follow the same pattern. No significant differences were observed in allele frequencies or genotype frequencies between the case and control groups for these SNPs, and genotype frequencies of the case groups were found to be in Hardy-Weinberg equilibrium. Therefore, we conclude that the observed deviation from Hardy-Weinberg equilibrium in the three SNPs is a chance occurrence in our control sample and is unlikely to reflect any problems with genotyping.
Results

SNP selection
Using an iterative process, we constructed an LD map of the TRAX/DISC region using 29 BP parentoffspring trios from the Scottish population. In total, 45 biallelic markers were genotyped and 30 SNPs selected for the association study ( Table 1) .
The proportion of haplotype diversity of all 45 SNPs genotyped on 29 BP trios explained by the 30 SNPs taken forward for genotyping on the association study sample was 97 and 98% for windows of SNPs 1-23 and 24-45, respectively. For windows of four consecutive selected SNPs, the mean PDE was 94%, with range 81-100%.
Results of the association study
Three regions in TRAX/DISC show evidence for association in the Scottish population for either SCZ or BP (single marker Po0.05, global haplotype Po0.05, individual haplotype Po0.01). Single marker and global haplotype association results are presented in Table 2 . The sex differences in transmission of TRAX/DISC haplotypes reported by Hennah et al 9 led us to analyse the sexes both separately and in combination (Tables 3-6 ).
Region 1
When both sexes were analysed together, SNP 5 showed association with BP (P ¼ 0.032; Table 2 ). SNP 5 is located in TRAX intron 5 and is in very high LD with SNP 4 (P ¼ 0.056). Analysis of sliding windows of SNPs including SNPs 4 and 5 showed nominal global association for SNPs 5-7 (P ¼ 0.044) when sexes were analysed together ( Table 2) , and one individual haplotype A-C-A-G from SNPs 5-8 showed an association of P ¼ 0.0092, reflecting estimated frequencies of 11% in BP cases vs 7% in controls. When the sexes were analysed separately, the resultant P-values suggested that an eight-SNP haplotype, G-C-C-G-A-C-A-G, is individually associated with significance P ¼ 0.00073 with BP males (Table 3 ). Although SNPs 1-8 lie across three blocks using the criteria used in Figure 1 , the LD between all Table 1 ). The positions of the SNPs in region 3 are marked with asterisks. 12 SNPs with marker numbers in bold were used in the association study.
the SNPs is high (|D 0 |Z0.69). From the 256 possible haplotypes from a set of eight SNPs, only 10 haplotypes were estimated to have frequencies of greater than 1% in both cases and controls. The odds ratios for the haplotype in men is 3.9 (95% CI 1.9-8.1), suggesting that region 1, which spans TRAX and DISC1 exons 1-2, is associated with susceptibility to bipolar males in our study.
Region 2
When sexes are analysed separately, the only SNP to show association at the nominal level is SNP 24, located in intron 10 of DISC1, P ¼ 0.047 for BP men.
Trends towards association were also seen for the two neighbouring SNPs, SNP 23 P ¼ 0.055 and SNP 25 P ¼ 0.111. No global haplotype associations for any two to four SNP windows were found in this region for any diagnosis. As an association between haplotypes of SNPs 25, 28 and 30 and SCZ was reported by Harrison and Weinberger, 13 individual haplotypes for the SNPs 24-30 were also analysed for association. In this region, several three-and four-SNP haplotypes were associated individually in BP women at Po0.01 (Table 4) , again suggesting the association of a longer haplotype in SNPs 24-27 in BP women in this region (A-A-A-C-A). However, the three-and four-SNP haplotypes were only found at low estimated frequencies in the case group (1.6-1.8%) and were estimated not to occur in the control sample, suggesting that this result may be due to the uncertainty in EM estimation of haplotypes. Region 2 is discussed later, in the context of haplotypes found to be associated in other studies.
Region 3
Analysis of SNP sliding windows of 2-4 SNPs ( Table  2) shows that haplotypes that include SNPs 12 and 13 show evidence of association with both SCZ and BP (P ¼ 0.0044 and 0.0016, respectively; Table 5 ). When the sexes were analysed separately, five global associations were more significant than the association with sexes combined, two in SCZ and three in BP (Table 5 ). Of course, all the tests are highly correlated, but in SCZ the individual P-values were less significant than the original two-SNP haplotype 12-13 analysed with sexes combined (P ¼ 0.0044). This suggests that the two-SNP haplotype C-C may be driving the association with SCZ (individual P ¼ 0.0036; Table 5 ). In contrast, for the strongest region of association in BP (SNPs 10-13), a global haplotype association was found to be more significant when BP women were analysed separately (P ¼ 0.00026) than when the sexes were combined (P ¼ 0.0016). BP men showed no significant global associations in this region (P40.1; Table 5 ), even with SNPs 10-13 (P ¼ 0.75), although a similar trend in individual haplotype frequencies was observed. Interestingly, there were no significant individual haplotypes of SNPs 10-13 at the nominal Po0.01 level, although four haplotypes were associated at the level of Po0.05. Three of these individual haplotypes are common in both female BP subjects and controls (estimated haplotype frequency: T-C-G-T: 27.0% BP women vs 19.3% controls; T-C-G-C: 12.7% BP women vs 19.7% controls; C-C-C-T: 1.7% BP women vs 6.1% controls). The global association therefore reflects a general difference in the multinomial frequencies of the haplotypes in this case, rather than being driven by differences in frequencies of any specific haplotype. An underlying functional variant in LD with one or more haplotypes, or more than one low-frequency functional variant in this region, may explain this observation.
Individual haplotype analysis for the region of SNPs 9-15 found differential frequencies between cases and controls for only one common haplotype at the nominal level of Po0.01: haplotype C-G-T of SNPs 11-13 has a higher frequency in BP compared to control chromosomes (Table 5 ). Other individual haplotypes in region 3 that show association at Po0.01 are all haplotypes with differential frequencies between SCZ and controls, with estimated haplotype frequencies of less than 5% and either the case or control group having undetectable estimated haplotype frequencies ( Table 5 ). The frequencies of these haplotypes are susceptible to error due to EM estimation and, although they may represent rare functional variants in the case group, the results require much larger sample sets before they can be assessed with confidence. Of the SNPs implicated in the association in region 3, SNP 10 is located in intron 4, SNP 11 is a nonsynonymous SNP in exon 6 and SNPs 12 and 13 are located in intron 6 of DISC1 (Figure 1c ).
Further LD analysis resulting from the association study
To investigate the LD structure of the associated regions further, an additional 11 markers were genotyped on the 29 BP parent-offspring trios around markers 12-13 and 24-25. In total, 56 SNPs from the chromosome region 1:228,699,208-229,212,492 (UCSC genome browser July 2003) 36 were genotyped on these trios, an average marker density of one per 9.3 kb (Figure 1a ). In the final 56 SNP LD map, 12 haplotype blocks of between 6 and 47 kb were identified using the Haploview criteria (solid spine of LD, D 0 40.8, multiallelic D 0 (MAD 0 )40.9). The total length of DNA in blocks was 361 kb, suggesting that a minimum of 70% of TRAX/DISC lies in regions of high LD (361/510 kb). The main region of low LD spans much of DISC1 intron 9 and into intron 10, in which a 138.8 kb region has average |D 0 | values between seven markers of 0.34 (data from association control chromosomes; Figure 1c ). It should be emphasized that this study was started before the public release of data from the International HapMap Project. Visual comparison shows good agreement between the LD block boundaries in both the Hap-Map CEPH sample set and the Scottish population ( Figure 1a and b) , and between allele and haplotype frequencies (data not shown).
SNPs from previous studies
Attempts to identify associations with SNPs used in other studies did not identify regions of association either under global haplotype analysis ( Table 6 ) or for any individual haplotype associations with a significance of Po0.01. However, we have shown association of several low-frequency haplotypes containing SNPs 24-28 with BP women ( Table 4 , region 2). Harrison and Weinberger 13 reported association in an overlapping region corresponding to haplotypes of SNPs 25, 28 and 30 of our study. The five-SNP haplotype A-A-A-C-A for SNPs 24-28 has an estimated frequency of 1.8% in BP women, but is absent in female controls (P ¼ 0.0053), or any other sex by diagnosis class. This region includes the nonsynonymous SNP rs821616 (SNP 25) that is associated with hippocampal volume in controls, 13 and also rs11122396 that is involved in multiple rare HEP4 haplotypes that were overtransmitted to affected individuals in the Finnish study (5320A4G, SNP 28). 9 EM estimation of haplotype frequencies may not be accurate for low-frequency haplotypes, and examination of BP female genotypes identified no individuals as unambiguously carrying the A-A-C haplotype. SNP 24. which we found to be associated at the nominal level in BP men (P ¼ 0.047), is also on the same LD block as SNP 25 (Figure 1b ). In addition, both regions 1 and 3 for which we have found evidence for association also overlap with regions implicated in other studies. Our first region of nominal association encompasses a haplotype consisting of our first eight SNPs (Region 1). This region includes the SNPs that define HEP2 and HEP3 in TRAX and DISC1, respectively, 9 but the associated haplotypes of HEP2 (C-A-C) and HEP3 (T-A) are not the same as those identified here (?-C-C-and C-G, respectively). However, in the Finnish study, the associated haplotypes were significantly undertransmitted to affected individuals, and for HEP3 the undertransmission was to women only, whereas here, the haplotypes are over-represented in male affected individuals. These results may only be reconcilable once candidate functional variants are identified.
Our third region of association is centred on SNPs 12 and 13 (region 3). Recently, Hodgkinson et al 12 have reported association between DISC1 and SCZ, BP and schizoaffective disorder. Region 3, in which association is detected in both SCZ and BP in our study, overlaps with a region producing nominal association for SCZ reported by Hodgkinson et al, Po0.05. 12 SNPs 12 and 13 are located on haplotype block 5, while the SNPs of HEP1 are located in block 6; however, moderate levels of LD exist between the blocks (Figure 1c ). 9, 10 We cannot therefore exclude the possibility that the same functional variant/variants underlie the association results in both the Finnish and Scottish populations.
Alignment of regions showing association with protein binding sites of DISC1
All three regions of association identified within our study extend across more than one exon and associated haplotypes involve synonymous or nonsynonymous coding SNPs (Figure 2 ). Numerous putative protein interactors have now been identified for DISC1 and their regions of interaction defined to a greater or lesser extent. 19, 20, 23, 25, 44 All three regions of DISC1 implicated in our study contain exons identified as encoding binding sites of the putative interactors (Figure 2 ), suggesting that multiple functional variants may disrupt discrete interactions and may therefore affect one or more DISC1 functions.
Statistical considerations
Our study presents a considerable number of tests and indeed our samples are used in other association studies. However, a Bonferroni correction for all tests performed would be overly conservative as many of the tests are correlated. Nonetheless, in this study, we perform at least 2 diagnosis Â 2 sex Â 14 LD block (blocks plus single SNPs not in blocks) ¼ 56 tests, so that P must be less than 0.05/56 ¼ 8.9 Â 10 À4 before we can declare statistical significance with confidence. If this P-value for declaration of significance is accepted, then only the association between BP women and SNPs 10-13 (region 3) remains significant in our study (P ¼ 0.00026), confirming the association between BP and DISC1.
Discussion
We have generated a dense LD map of TRAX/DISC in the Scottish population. This has allowed us to choose SNPs informative in this population for case-control association analysis of both BP and SCZ, in the largest association study for DISC1 variants yet undertaken. In addition, we have tested SNPs that gave positive TRAX/DISC linkage and/or association results in other studies. Our results provide evidence that TRAX/DISC variants are susceptibility factors in BP and SCZ, supporting results published previously. [8] [9] [10] [11] [12] [13] [14] [15] [16] However, we failed to replicate previous reports of associated haplotypes of SNPs, indicating either allelic heterogeneity, or heterogeneity of the haplotype surrounding a functional variant, between populations. This heterogeneity is expected, as both positive and negative association results have been reported for this region, and is in line with other genes implicated in bipolar and SCZ, that is, neuregulin, 45 dysbindin 46 and NOTCH4. 13, 47 Settling the debate between the two extremes of an oligogenic common ancient variant hypothesis and a variable penetrance, quasi-Mendelian genetic heterogeneity model requires more empirical evidence, but most likely a spectrum of scenarios will emerge. It is however worth noting that under the genetic heterogeneity model, it is quite possible that functional variants do not reside on common haplotypes, thus demanding a full inspection of all haplotype diversity within a study population. In order to detect association due to low-frequency functional variants, haplotypes of similarly low frequency that are in high LD with the functional variant must be genotyped, 48 resulting in multiple testing implications. Ekelund et al replicated their original linkage finding 8 in a second Finnish sample. 10 This study highlighted the importance, in replications, of using exactly the same markers as in the original study, even within the same population. 10 The use of alternate markers may have contributed to the negative result in the meta-analysis by Levinson et al. 10, 49, 50 Our results reinforce the need to select SNPs reflecting the haplotype structure in the population under study, as those that have evidence for association in other studies showed no association in the Scottish population. A comparison of the LD map and haplotype frequencies between the Scottish population and the CEPH trios genotyped in the International HapMap Project suggests that at least these two study sets have similar LD blocks and major haplotype frequencies at the TRAX/DISC locus. If this is upheld at other loci, it suggests that many north and western European populations, which have not undergone a founder effect, may share much the same LD and haplotype structure. This would allow the same set of SNPs to be used to assess association in wider geographic populations.
The case-control association studied three known nonsynonymous SNPs (rs3738401, rs6675281 and rs821616) and a single synonymous coding SNP (rs2492367) from DISC1, and found no significant results under single-marker analysis. This suggests that these polymorphisms are not individually the functional variants important in major mental illness. This does not however rule out their involvement in a haplotype-based effect. Duan et al 51 demonstrated that a synonymous SNP in DRD2 alters protein expression levels, by altering mRNA stability, dependant on the allele present at a second synonymous SNP, demonstrating a 'haplotype'-based effect. It is also possible that major functional variant in SCZ and BP will not affect the protein sequence but rather splicing or protein expression levels. The causative variant may therefore be found in the noncoding regions such as introns or 5 0 and 3 0 regulatory regions, as recently reported for the SCZ risk factor ZDHHC8 52 and suggested for dysbindin. 53 In many association studies that attempt to identify functional variants, it may be valuable to relate evidence for haplotype association to the emergent functional domains of DISC1 and the evidence for functional conservation across species.
To conclude, this study reports association of variants in TRAX/DISC to BP (SNP 10-13, P ¼ 0.0016 for combined sex, P ¼ 0.00026 women only) supporting three previous results in this region. 13, 15, 16 Two further regions gave evidence for association with BP, but did not meet the Bonferroni corrected level for the declaration of significance in this study. Nominal association was also detected for SCZ (SNPs 12 and 13, P ¼ 0.0044), suggesting that the involvement of DISC1 in this disorder is not unique to the t(1:11) family but also seen in the wider Scottish population. Recently, Hodgkinson et al 12 have reported association between DISC1 and SCZ, BP and schizoaffective disorder, despite low sample sizes in the latter two groups, suggesting association with this gene and multiple psychiatric diagnoses in more than one population. This study has implicated the same region of DISC1 in both SCZ and BP. If the association is replicated, it would be in keeping with growing evidence for common risk factors in affective and nonaffective psychosis. This is also consistent with the spectrum of major mental illness seen in the t(1:11) translocation family, which includes SCZ, schizoaffective disorder, BP and recurrent major depression.
